Rates of photosynthesis, sucrose synthesis, starch accumulation and degradation were measured in sugar beet (Beta vulgaris L.) and bean (Phaseolus vulgaris L.) plants under a square-wave light regime and under a sinusoidal regime that simulated the natural daylight period. Photosynthesis rate increased in a measured manner in direct proportion to the increasing light level. In contrast to this close correspondence between photosynthesis and light, a lag in photosynthesis rate was seen during the initial hour under square-wave illumination. The leaf appeared to be responding to limits set by carbon metabolism rather than by gas exchange or light reactions. Under the sinusoidal regime starch degradation occurred during the first and last 2 hours of the photoperiod, likely in response to photosynthesis rate rather than directly to light level. Starch broke down when photosynthesis was below a threshold rate and accumulated above this rate. Under square-wave illumination, accumulation of starch did not begin until irradiance was at full level for an hour or more and photosynthesis was at or near its maximum. Under a sinusoidal light regime, sucrose synthesis rate comprised carbon that was newly fixed throughout the day plus that from starch degradation at the beginning and end of the day. Synthesis of sucrose from recently fixed carbon increased with increasing net carbon fixation rate while its formation from degradation of starch decreased correspondingly. The complementary sources of carbon maintained a relatively steady rate of sucrose synthesis under the changing daytime irradiance.
When the photoperiod is started and stopped abruptly under a square-wave or lights-on/lights-off regime, a series of large, rapid oscillations occurs in photosynthesis rate and levels of related metabolites (24, 26) . These cyclic changes damp out gradually, presumably as control is reestablished. Such oscillations are not surprising because regulatory processes may not be responsive enough to establish control until several minutes following the start of illumination. The oscillations reflect marked disequilibrium or stress and may even trigger responses that are adapted to deal with disruptive change. When irradiance changes gradually as a result of the changing angle ofthe sun, plant regulatory mechanisms can re-'Supported by a grant from National Science Foundation Grant DMB-8303957 (DRG) and the American Philosophical Society (B.R.F.).
spond in a measured manner, and as a consequence, oscillations are not as likely to be prominent.
When the photoperiod is started and stopped abruptly, photosynthesis rate, starch storage, export, and sucrose level in sugar beet plants undergo transitions at both ends of the light period (3, 4) . During the first hour of a square-wave light period, photosynthesis and export rates increase rapidly. During the next hour, export rate declines by a third and starch begins to accumulate. Thereafter, throughout the remainder of the photoperiod, these processes show practically no change. The slowing of starch accumulation seen during the final 2 h of a square-wave light regime (4) probably is a patterned response (6) that is likely to be seen under gradually changing irradiance of a natural day period (15) .
Simulating the daylight period by varying irradiance in a single, 14- (12, 15) but more needs to be known, particularly about the complementarity of starch and sucrose synthesis and NCE2 rate. This relationship is complex because, during the first and last parts of the daily light cycle, it is likely that carbon is allocated to sucrose simultaneously from both recently fixed and stored carbon (5) . For instance, export may exceed NCE at these times (15) . While more is known about initiation or regulation ofstarch degradation in chloroplasts, little is known about these processes in leaves (18) . The switch in carbon sources may even necessitate a change in the path of carbohydrate metabolism or in the way by which fixed carbon exits the chloroplast or both.
The purpose of this study was to compare changes in rates ofphotosynthesis, sucrose synthesis, starch accumulation, and starch degradation in plants exposed to (7, 10) . Both chambers were used for supplying tracer CO2 and measuring NCE rates. Chamber 1 was used for measuring leaf radioactivity and gas exchange and chamber 2 for sampling the leaf blade. To limit changes in specific radioactivity when samples were taken, the glass lid of chamber 2 was fashioned with a window through which excised discs could be removed. A third leaf, not enclosed in a chamber, was used to determine total carbon content at 3-h intervals during the light period.
Samples were taken every 45 min for 1.5 h before and for 3.5 after irradiance began. Subsequent samples were removed every 2 h until the 12th h of illumination when samples again were taken every 45 min until 1 h after the end of the light period.
Measurements of export and sucrose synthesis rates were based on rates of NCE and of accumulation of tracer carbon in mature, exporting leaves, determined by accumulation of 14C during steady state labeling (8) . The specific radioactivity of the tracer carbon used was 30 to 60 Bq jgg'C. The data for 14C accumulated in the blade were fitted by scaling the data for the GM-detector count rate curve to coincide with the data for tracer carbon accumulated in the blade (8) .
Total Carbon Determinations
Accumulation of carbon in exporting leaves was determined from the dry weight of samples taken from leaf 2 and the carbon and dry weight of samples taken from a third leaf not enclosed in a chamber. The carbon content of each 0.38-cm2 disc from the third leaf was determined spectrophotometrically following oxidation with dichromic acid as described by Sims and Haby (21) and modified by Geiger and Shieh (9) . This carbon:dry weight ratio was used to convert the dry weight of leaf two samples to carbon per blade area.
Tracer Carbon Content
Six 0. 13-cm2 discs were taken from leaf 2. The carbohydrate content was determined using two of the discs. The other four discs were used to measure dry weight and total tracer carbon per blade area following in-vial oxidation (9) . To calculate the tracer carbon content, the value for the "4C content was multiplied by the specific radioactivity of the tracer CO2 supplied.
Carbohydrate Analysis
The amounts of sucrose, glucose, fructose, and starch present per unit blade area were measured in discs taken from leaf 2. The methods of Jones et al. ( 14) for measuring sucrose and of Outlaw and Manchester (17) for measuring starch were modified (3) so that the amount of each carbohydrate could be measured in the same sample.
RESULTS

Gas Exchange
Under a regime of sinusoidally varying light, NCE rate increased with increasing light intensity and usually saturated at about 0.6 mmol photons m-2 s-' for sugar beet and at 0.45 mmol photons m-2 s-I for beans leaves (Fig. 1, A and F ). These levels are at or slightly below the maximum irradiance under which the leaves grew. Often the rate of NCE in sugar beet leaves was higher under increasing light intensity in the morning than at that same irradiance in the afternoon (19) .
With a square-wave light regime the transition to maximum NCE rate was considerably compressed, taking place in approximately 90 min in bean leaves ( Fig. 2A ) while in sugar beet it occurred in less than 60 min (3) . After this time the NCE rate remained steady to the end of the light period or declined slightly.
Time Course of Sucrose and Starch Accumulation
In sugar beet and bean leaves, sucrose and starch levels began to increase about 2 h into the sinusoidal light period (Fig. 1, B and G). Sucrose reached a maximum in sugar beet leaves at 5.5 h and at 10 h in bean leaves ( Fig. 1 ; In sugar beet and bean leaves under a sinusoidal light regime, starch degradation gradually slowed during the first 1.5 to 2 h of the light period. As NCE reached about 0.5 ,ug C/cm-2 min-' breakdown stopped and starch began to accumulate (Fig. 1, D and I) , following closely the rate of NCE. As NCE rate declined to about 0.5 ,g C/cm-2 min-' starch began to break down. In sugar beet leaves, only about 10% of the starch pool present at the end of the previous day was carried over to the following morning ( Fig. iB; and Ref. 3) , consequently, by the end of the day more than 90% of the starch present was made from tracer carbon. Under sinusoidal light, some of the starch remaining at the end of the night was degraded in the early morning (Fig. 1) . In bean leaves we have observed from 55 to 75% of the starch pool present in bean leaves at the end of the day was carried over.
Under square-wave light, the decline in starch level stopped soon after the rapid onset ofirradiance (Fig. 2) as was observed (Fig. 2E) . The timing and extent of starch degradation at the beginning of the square-wave regimen require further study.
Sucrose Synthesis Rates
In sugar beet leaves under sinusoidal light, the synthesis of sucrose from newly fixed, labeled carbon increased during the first several h ofthe sinusoidal light period and then remained relatively constant despite the gradually changing light intensity (Fig. IC) . Near the end of the photoperiod, the rate of sucrose synthesis was only slightly lower than the midday rate. This rate was calculated from labeled carbon (8) and, therefore, it is likely that at this time some sucrose was made from starch, made earlier in the day from 14C02. Under a square-wave light regime, the rate of sucrose synthesis from newly fixed carbon follows the rate of NCE ( Fig. 2E; and Ref. 3) .
DISCUSSION
Responses of NCE to Sinusoidal and Square-Wave Light Regimes
The close correspondence between NCE rate and irradiance seen during a sinusoidal light regime (Fig. 1, A and F) suggests that physiological processes such as enzyme activation and control of metabolite levels adjust to slowly changing light fast enough for NCE rate to reach the capacity set by irradiance level. The ability of leaf processes to follow irradiance closely under a sinusoidal light regime may be a consequence of plants having evolved under a daily regime of slowly changing daylight. Variations in the light level at which saturation occurred may have resulted from differences in the light level under which the individual leaves were grown (1, 25) . Differences in leaf angle and level in the leaf canopy would affect the level of irradiance received by individual leaves.
In contrast, under rapidly changing light NCE rate was slow to attain the capacity set by irradiance level (Fig. 2A) Under a sinusoidal light regime, NCE was low at the beginning and end ofthe day (Fig. 1, A and F) while synthesis of sucrose from tracer carbon was low at the beginning but not at the end of the day (Fig. 1, E and J) . Consequently, there must be an additional source of tracer carbon that contributes to sucrose synthesis at the end of the day. Starch breaks down in both the morning and the evening (Fig. 1, B and G) and the leaf dry weight decreases at these times (8), consistent with export. By administering tracer carbon from the beginning of the light period (7, 8) , we can distinguish between sucrose made from newly fixed carbon and that derived from starch. In the morning, tracer carbon is present almost exclusively in newly fixed carbon while starch contains little "4C. Therefore, at this time, nearly all of the labeled sucrose is synthesized only from newly fixed carbon. By contrast, at the end of the day, most of the starch is labeled and the tracer carbon entering sucrose also includes a substantial amount of carbon derived from starch. As a result, the time course for sucrose synthesis measured from tracer carbon is asymmetric (Fig. 1, E and J) .
Under a square-wave light regime, synthesis ofsucrose from tracer carbon started only gradually (Fig. 2) . However, when steady state labeling was continued for 2 d, synthesis ofsucrose from tracer rose rapidly and showed a significant overshoot at the start of the day because starch was heavily labeled with "'C under these conditions (3). Starch likely contributed some carbon to sucrose synthesis at the start of a square-wave light regime but not for an extended period as under a sinusoidal light regime (Fig. 1) .
Relation of Sucrose and Starch Metabolism to NCE
The dependence of starch and sucrose synthesis on the rate of NCE throughout a sinusoidal light period is shown in Figure 3 for sugar beet and Figure 4 for bean. As synthesis of sucrose from recently fixed carbon increased, starch degradation slowed correspondingly. Similarly, during the last 2 h of the light period, starch degradation increased as NCE rate decreased and synthesis of sucrose from recently fixed carbon fell. Fox and Geiger (5) found that, even under high light intensity, starch degradation began when atmospheric CO2 was lowered, evidently because carbon fixation was decreased below a threshold rate. In this study, starch degradation occurred when NCE rate was below a certain threshold value ( Figs. 3 and 4) . The transition between starch breakdown and accumulation took place when NCE rate was generally about 0.5 ,ug C/cm-2 min-' (Fig. 3) . In Figures 3 and 4 , the calculated morning rate of total sucrose synthesis from both carbon sources is shown as a function of NCE for both bean and sugar beet, assuming that the starch that was degraded was entirely converted to sucrose. In addition, based on this same assumption, the calculated evening rate of sucrose synthesis solely from newly fixed carbon was determined by subtracting the contribution of starch to sucrose synthesis late in the day. When the contri- LEAF CARBON METABOLISM DURING SINUSOIDAL LIGHT bution of starch breakdown to sucrose synthesis is considered, then the sustained level of total sucrose synthesis and the symmetries of the contributions from the two carbon sources can be seen over the range of NCE rates. The complementary supply of carbon from two sources (Figs. 3 and 4) results in a relatively steady supply of sucrose for export throughout the sinusoidal light period. The amount of carbon from starch that is broken down and converted to sucrose during a sinusoidal light period is substantial. About a third of the total carbon fixed was allocated to starch and about 20% of this was degraded during the periods of low NCE at the beginning and end of the day. While 45% of the total carbon fixed was made into sucrose, 15% of this came from the breakdown of starch and the rest directly from newly fixed carbon.
Significance of Diurnal Regulation of Starch and Sucrose Metabolism
The goal of the coordinated diurnal regulation of sucrose and starch metabolism is to maintain a balanced carbon supply for export during the day and night (3) . This regulation requires that the degradation of starch and the allocation of carbon between starch and sucrose synthesis be controlled in accord with the integrated daily rate of carbon assimilation and photosynthetic duration (13) . By its nature, diurnal regulation maintains this goal throughout a day and therefore is not readily nor rapidly changed during the span of a single photoperiod (2, 6 Starch metabolism responded to changes in NCE rate, which was varied by changing light intensity (Figs. 3 and 4) , but similar control was observed previously in response to changing CO2 level (5 Cytosolic demand for carbon for sucrose synthesis has been proposed to control allocation of newly fixed carbon between sucrose and starch. Data obtained from leaves of spinach, which store a large amount of sucrose, have been cited in support of the thesis that starch accumulation begins when sucrose accumulation stops (1 1). Evidently this relationship is not a critical factor in regulating carbon allocation in bean or sugar beet, because both starch and sucrose accumulation occurred concurrently throughout much of the day (Table 1) . Starch began to accumulate in the source leaf of sugar beet 3.5 h before the amount of sucrose reached its maximum under sinusoidal light (Table 1 ). In bean, starch accumulation usually began 0.5 h before sucrose even began to accumulate. The observation that sucrose accumulation in field-grown spinach ( 11) and in sugar beet exposed to square-wave illumination (Ref. 3; and Table 1 ) ceases before starch accumulation begins may be fortuitous. Fructose bisphosphatase is probably inactive in the dark in leaves because of the low level of DHAP and the high level of F2,6P2 (23) . Similar conditions exist ir. sugar beet (19) and barley leaves (20) at the beginning and end ofthe photoperiod, when NCE is low and F2,6P2 is high. Under these conditions, sucrose must be made from starch by a route that does not use cytosolic fructose bisphosphatase. A pathway may exist that is involved in the conversion ofhexoses directly to sucrose and that does not involve triose-P. More work is needed to determine if such a pathway exists and how it is coordinated with the triose-P pathway.
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